Background: Nm23-H1 was the first metastasis suppressor discovered in most tumor models and reduction or loss of nm23-H1 expression correlates with tumor progression and metastasis in non-small-cell lung cancer. Despite extensive studies, the regulatory mechanism of nm23-H1 expression is far from elucidated. The transcriptional factor forkhead box (FOX)O3 has been reported to be involved in multiple regulatory signaling pathways in the biological behavior of tumors. Therefore, we aimed to study the relationship between FOXO3 activity and nm23-H1 expression. Methods: Real time reverse transcriptase-polymerase chain reaction and Western blotting assays were employed to determine nm23-H1 messenger ribonucleic acid and protein expression after being transformed by different FOXO3 plasmid in A549 cells. A dual luciferase reporter system and chromatin immunoprecipitation assay, were used to determine the promoter activity of the nm23-H1 gene and to detect the binding of FOXO3 into the nm23-H1 promoter, respectively. Results: We found that activated FOXO3 decreased nm23-H1 expression and dominant negative FOXO3 increased nm23-H1 expression. Modulation of FOXO3 activity with FOXO3 pathway inhibitors altered nm23-H1 promoter activity. Although there is a putative binding site of FOXO3 in the nm23-H1 promoter, FOXO3 regulated nm23-H1 expression in an indirect manner. Conclusion: We demonstrated that the transcriptional factor FOXO3 decreased the expression levels of the tumor suppressor gene nm23-H1 in the non-small-cell lung cancer A549 cell line and that the level of expression of nm23-H1 was controlled by FOXO3 in an indirect manner. This finding provided an insight into the upstream regulation of nm23-H1 and may provide promising targets for inhibition of the metastasis process.
Introduction
Lung cancer is the leading cause of cancer-related mortality worldwide. 1 Approximately 85% of patients with lung cancer have non-small-cell lung cancer (NSCLC), three-quarters of these with locally advanced or metastatic disease at the time of diagnosis. 2 Metastasis is the most common cause for the high mortality of NSCLC; therefore, a strategy for treating, as well as preventing, metastatic diseases are necessary in order to increase the survival of NSCLC patients. 2 Metastasis suppressor genes are defined by their capacity to inhibit metastasis without affecting the growth of the primary tumor.
3 Nm23-H1 was the first metastasis suppressor discovered in a mouse tumor model. 4 During the past 30 years, the expression levels of nm23-H1 have been widely studied in many human tumor samples, including lung cancer. [5] [6] [7] [8] They function at various stages of the signaling cascade and regulate NSCLC metastasis. However, their mechanisms of action, for the most part, especially the upstream regulatory networks, remain unclear. 9 Deciphering the molecular interactions of metastasis suppressors may provide promising targets for inhibition of the metastasis process. Forkhead box O (FOXO) transcription factors are involved in multiple physiological and pathological processes, including apoptosis, aging, proliferation, metabolism, immunity, and tumorigenesis. 10 FOXO3 is a member of the FOXO family of transcription factors. 11 It is an important downstream effector in multiple signaling pathways, most notably those including protein kinase B (Akt), c-Jun terminal kinase (JNK), and extracellular signalregulated kinase (ERK) pathways, which are notably involved in the pathology of tumors. 12 Numerous studies have detected that Akt can phosphorylate FOXO and cause its cytoplasmic retention, leading to the inactivation of FOXO, whereas JNK can promote FOXO nuclear localization, leading to transcriptional activation of its target genes. [13] [14] [15] However, the expression and regulatory mechanism of FOXO3 in the metastasis process of lung cancer has not yet been clearly demonstrated. [16] [17] [18] In our present study, we detected that the transcriptional factor FOXO3 decreased the expression level of nm23-H1 in the lung cancer A549 cell line. Further, we confirmed our result by inhibiting the signaling pathways upstream regulating FOXO3 factors and found that activated FOXO3 in nuclear downregulated nm23-H1. Interestingly, analysis by the TRANSFAC database indicated that there may be a potential binding site of FOXO3 located in the promoter of the nm23-H1 gene. However, we found that the FOXO3 regulated the metastasis suppressor gene nm23-H1 in an indirect manner. We conclude that the metastasis suppressor gene nm23-H1 is upstream negatively regulated by the transcriptional factor FOXO3 to modulate oncogenic properties in NSCLC. To the best of our knowledge our results represent the first report of such a conclusion.
Materials and methods

Reagents, cells, and transfections
Anti-nm23-H1 antibody was obtained from Santa Cruz Biotechnology (Dallas, Texas, USA); anti-Akt, anti-JNK, and anti-p21kip1 antibodies were purchased from Cell Signaling Technology (Beverly, MA, USA); and anti-β-actin from Sigma (Victoria, BC, Canada). The kinase inhibitor LY294002 and JNK inhibitor SP60012548 were purchased from Calbiochem (San Diego, CA, USA) and used at concentrations of 20 and 10 μM, respectively. Human A549 cells and A549-99 cells were maintained in 1640 medium (Gibco BRL, Gaithersburg, MD, USA) supplemented with 10% fetal bovine serum (Gibco BRL). For transfection, A549 cells and A549-99 cells were grown in six-well or 24-well plates and transfected with polyjet purchased from SignaGen Laboratories (Carlsbad, CA, USA) according to the manufacturer's instructions.
Western blot analyses
A549 cells were seeded in six-well plates (105 cells/well), and after various treatments they were lysed in pre-warmed Laemmli buffer purchased from Bio-Rad (Hercules, CA, USA). For each sample, the same amount of total protein was added to a well of 10% acrylamide gel and resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. A 1:500 dilution of anti-nm23-H1 and a 1:1000 dilution of all other primary antibodies were used. Blots were quantified by densitometry using Transparency Adapter (UTA-2100XL) for PowerLook 2100XL obtained from UMAX (Mountain View, CA, USA).
Quantitative real time reverse transcriptase polymerase chain reaction
Total ribonucleic acid (RNA) was isolated at the indicated time using the RNA isolation reagent TRIzol (Invitrogen, Carlsbad, CA, USA). Reverse transcription was performed using the Reverse Transcriptase M-MLV (RNase H−) kit (Takara Biotechnology, Dalian Co., Ltd, Liaoning, China). Each 25 μl of polymerase chain reaction (PCR) mixture was prepared using the SYBR Premix Ex Taq Kit (Takara), with amplification conditions according to the manufacturer's instructions. Each experiment was performed in triplicate by the 7500 Real Time PCR System (Applied Biosystems, Foster City, CA, USA). The relative amount of messenger (m)RNA was calculated using the comparative CT method after normalization to glyceraldehyde 3-phosphate dehydrogenase mRNA levels.
Dual luciferase reporter system
A549 cells were seeded in a 24-well plate (2 × 104/well) 24 hours before transfection. For FOXO3 activity analysis, the cells were co-transfected with 1 μg/well FOXO3-TM or FOXO3-δ-DB plasmid and 1 μg/well nm23-H1promoter-luciferase reporter plasmid using polyjet transfection reagent. Luciferase activity was measured 48 hours after transfection using a Dual-Glo luciferase assay system (Promega, Madison, WI, USA), and firefly luciferase activity was normalized to Renilla luciferase activity. The pcDNA3.1 vector served as a blank control. To confirm the relationship between FOXO3 and nm23-H1, the cells were pretreated with different inhibitors for six hours after co-transfection for 48 hours. The cells were washed, lysed, and assayed for luciferase activity. Normal or mutational nm23-H1promoter-luciferase reporter plasmid was co-transfected with 1 μg/well FOXO3-TM or FOXO3-δ-DB plasmid in order to test whether FOXO3 could directly bind on the nm23-H1 promoter. Experiments were performed in triplicate and repeated three times. Data are presented as means ± standard deviation.
Cloning and DNA construction
Nm23-H1 promoter reporter constructs were generated by PCR amplification using purified genomic DNA as the template and primers (Table 1) . PCR products were inserted into the Bgl II/Hind III sites of pGL3 basic vector (Promega). Nm23-H1 cDNA was generated by PCR amplification using purified total RNA as the template and primers (Table 1) . PCR products were digested with BamHI/XbaI and inserted into the pcDNA3.1 (+) vector.
Point mutations in the nm23-H1 promoter Mut were generated by site-specific mutagenesis using the overlap PCR extension method. Nm23-H1 promoter 969 was used as the template, and Mut PCR products were generated using primers ( Table 1 ). The PCR products were digested with Bgl II/Hind III and subcloned into the pGL3-luciferase vector.
Chromatin immunoprecipitation assay
A549 cells transfected separately with 2 μg FOXO3-TM, FOXO3-δ-DB, and pcDNA3.1 plasmid were cross-linked with 1% formaldehyde and quenched by glycine. After washing with phosphate buffered saline, cells were scraped and collected by centrifugation and cell pellets were lysed with lysis buffer. The resulting nuclear pellet was sonicated (Vibra cell, SONICS, Newtown, CT, USA) for four rounds of 15 pulses at 4% output power and 70% duty to obtain an average 1 kb sheared chromatin. The sonicated lysates were used for immunoprecipitation with biotinylated antibodies either against FOXO3 or normal goat immunoglobin G. The immune complexes were recovered with magnetic streptavidin beads. The immunoprecipitated and input DNA were extracted by incubation with chelating resin solution and boiled for 10 minutes to reverse the cross-links. The DNA was purified with a DNA purification kit (Qiagen, Dusseldorf, Germany). PCR was performed with purified DNA and recommended reaction condition. The primers for human nm23-H1 promoter were: forward: 5'-aaaaagatcttagattggtc ttttggtgtcgtc-3'; and reverse: 5'-aaaaaagcttcacttgcacgcacg gaacg-3'.
Statistical analysis
Data are expressed as the mean (± standard deviation), and statistical comparisons were performed by analysis of variance with Dunnett's correction for multiple comparisons, using SAS version 9 (SAS Institute Inc., Cary, NC, USA). A P value of <0.05 was considered statistically significant.
Results
Forkhead box O (FOXO)3 inhibits the expression of metastasis suppressor gene nm23-H1 in vitro
It has been reported that the expression of nm23-H1 is reduced or lost in most tumors. During analysis using the TRANSFAC database, we found that there is a potential binding site of FOXO3 located in the nm23-H1 promoter. Therefore, we transfected A549 cells with 2 μg FOXO3-WT (wild type), FOXO3-TM (constitutively activated), and FOXO3-δ-DB (dominant negative) plasmid to examine nm23-H1expression levels. Western blot analysis showed that the expression of nm23-H1 decreased in the cells transfected with FOXO3-WT, and FOXO3-TM plasmids, but increased with FOXO3-δ-DB plasmid transfection (Fig 1a) . Furthermore, we transfected A549 cells with nm23-H1 promoter reporter constructs, and the transcriptional activity of nm23-H1 in cells was detected by dual luciferase reporter system. Results showed that FOXO3-δ-DB could induce luciferase activity of the nm23-H1 promoter, while there was a significant decrease using FOXO3-TM (Fig 1b,c) . The mRNA were extracted from A549 cells, which were transfected with FOXO3-TM or FOXO3-δ-DB plasmid. Real-time PCR indicated that nm23-H1 expression decreased after transfecting with FOXO3-TM, but increased with FOXO3-δ-DB plasmid transfection (Fig 1d) . Our study shows that the FOXO3 protein can inhibit nm23-H1 expression.
The FOXO3 pathway inhibitors regulate the expression of nm23-H1
It has been demonstrated that Akt is a negative regulator, while JNK is a positive regulator to FOXO3. Therefore, we treated A549 cells with Akt inhibitor LY294002 or with JNK inhibitor SP60012548 to examine nm23-H1 expression. Western blot showed that the expression of nm23-H1 was decreased in A549 cells after treatment with LY294002 (20 μmol), but increased with SP60012548 (10 μmol) (Fig 2a,b) . The transcriptional activity of nm23-H1 was examined after treatment with LY294002 and SP60012548 by dual luciferase reporter system. The luciferase activity significantly decreased in the LY294002 treatment, and increased in the SP60012548 addition (Fig 2c) . These results indicate that FOXO3 inhibits the expression of nm23-H1 through both the Akt and JNK pathways.
FOXO3 negatively regulated nm23-H1 expression in an indirect manner
Our experiments revealed that FOXO3 inhibits the expression of nm23-H1, and the effect may occur at the promoter level. We constructed the plasmids with different lengths of nm23-H1 promoter (Fig 3a) , and transfected them into A549 cells. The activity of the different lengths of nm23-H1 promoter was detected by dual luciferase reporter system. The luciferase activity was decreased in all of the fragments after transfection with FOXO3-TM, but increased with FOXO3-δ-DB (Fig 3b) . After bio-information analysis of the nm23-H1 promoter, the predicted binding site of FOXO3 may lie in -309bp to -304bp; therefore the putative binding site was mutated from TAAACA into TAGGTA (Fig 3c) . We used the dual luciferase report system to detect the wild type and mutant promoter activity. The nm23-H1 activity decreased after being transfected with FOXO3-TM and increased with FOXO3-δ-DB (Fig 3d) . This indicated that a mutation of the putative binding site of FOXO3 on the nm23-H1 promoter could not interrupt the effect of FOXO3 on the nm23-H1 promoter. Co-immunoprecipitation was further used to verify whether FOXO3 protein could be bound on the nm23-H1 promoter, but the result indicated that FOXO3 negatively regulated nm23-H1 expression in an indirect manner (Fig 3e) .
Discussion
Increasing experimental evidence indicates that a decreased expression of metastasis suppressor gene nm23-H1 is involved in the progression of a variety of human malignancies, including NSCLC. 8, 9 The mechanism underlying its ability to suppress metastasis has been investigated in a number of studies. However, the mechanism of how the nm23-H1 gene has been downregulated in cancer cells is far from elucidated. Our study provided evidence showing that transcriptional factor FOXO3 is a negative regulator of nm23-H1 in lung cancer cell lines. 
FOXO3 downregulated nm23-H1 in NSCLC
Members of the FOXO family contain four homologous mammalian proteins: FOXO1, FOXO3, FOXO4, and FOXO6. 11 Alteration of these factors is often linked to tumorigenesis in the form of breast, prostate, glioblastoma, rhabdomyosarcoma, and leukemic cancers. 12 However, their mechanism of function in lung cancer has not been investigated at great length. It has been reported that the FOXO3 gene is frequently deleted in early-stage lung adenocarcinoma, which indicates that FOXO3 is a suppressor of lung adenocarcinoma carcinogenesis. [16] [17] [18] In addition, FOXO3 is a relevant mediator of the cytotoxic effects of cisplatin in lung cancer cells. The phosphorylation (at Thr32, Akt phosphorylation site) of FOXO3 is significantly inhibited by cisplatin and nuclear accumulation of FOXO3 is detected, which, in turn, increases the expression of FOXO3-dependent apoptosis. 19 But whether the expression of FOXO3 is related to tumor metastasis of lung cancer is unclear. In our study, we reported that FOXO3 negatively regulated a known metastasis suppressor gene nm23-H1, which suggested that FOXO3 might be a metastasis promoter or regulator in lung cancer.
However, the mechanism of how they functionally linked with each other still needs to be investigated. Subcellular localization of FOXO factors plays an important role in the regulation of their activities and functions. 20 These activities are tightly controlled by multiple signaling cascades, including phosphatidylinositol 3-kinase (PI3K)/ Akt, Ras/Erk, and stress/JNK. Generally speaking, the activation of survival/growth ERK and Akt signaling causes the retention of FOXO factors in the cytoplasm or degradation, and the stress/JNK pathway has been shown to phosphorylate 14-3-3, releasing FOXO to enter the nucleus, inducing apoptosis. [13] [14] [15] However, the upstream regulated network of FOXO-nm23-H1 transduction is complicated. Studies have demonstrated that ultraviolet irradiation activates JNK, which, in turn, inactivates ERK and Akt, leading to FOXO3 translocation into the nucleus and Bim expression. 21 In addition, the stress stimuli override the sequestration of FOXO by growth factors in mammalian cells during stress events, and FOXO remain in the nucleus despite the presence of survival and growth factors. 22 Moreover, the transcriptional function of FOXO factors is regulated by the transforming growth factor-β/Smad, PI3K/Akt, and FOXG1 pathways together in the glioma cell to regulate the expression of p21Cip1 and cell proliferation. 23 Expressed as part of a neural progenitor proliferation program, FOXG1 binds to the FOXO-Smad complex in the nucleus, inhibiting the transcriptional activity of p21Cip1, and leading to tumor survival. 24 In our study, we demonstrated that inhibiting the Akt signaling pathways promotes the activation of FOXO3 in the nucleus and downregulates nm23-H1 expression. The degradation of FOXO3 in plasma regulated by JNK inhibitor SP600025 upregulated the expression of nm23-H1. In addition, we also detected that Akt signaling pathway activator, nicotine, could also downregulate nm23-H1 expression. Thus, diverse signals and a wide range of other upstream factors together control the regulation network of FOXO3-nm23-H1 signaling transduction. These signals and factors need to be identified in the future.
The correlation of FOXO3 and nm23-H1 levels was observed in this study; however, the specific mechanisms of how the nm23-H1 level was regulated by FOXO3 are not clear. The TRANSFAC database provided us a potential binding site of FOXO3 located in the region from −747 to −273 in the promoter of the nm23-H1 gene. However, our results negate the hypothesis that FOXO3 binds to the promoter of nm23-H1 to regulate its transcription. Recent studies have demonstrated that interacting proteins with nm23-H1 may act as modulators of the metastasis suppressor activity. nm23-H1 can be phosphorylated by casein kinase I and Aurora-A/STK15, which alter the binding affinity of nm23-H1 with interacting proteins and play a final effecter of signal transduction. 25, 26 In addition, proteins act as bi-directional binding partners with nm23-H1, such as PRUNE, serine-threonine kinase receptor-associated protein (STRAP), ribosomal protein small subunit 3 (rpS3), and signal transducer and activator of transcription 3, involved in the regulation of metastasis and tumorigenesis. [27] [28] [29] [30] The interaction of these factors and FOXO3 in the regulation of nm23-H1 in lung cancer needs investigation.
Conclusion
In summary, this study established the important role of transcriptional factor FOXO3 in the regulation of metastasis suppressor gene nm23-H1. This finding provided an insight into the upstream regulation of nm23-H1; however, the function and regulation mechanism of FOXO3-nm23-H1 signaling transduction still needs to be identified in future studies of NSCLC.
